Cytokinins are hormones that regulate cell division and development. As a result of a lack of specific mutants and biochemical tools, it has not been possible to study the consequences of cytokinin deficiency. Cytokinin-deficient plants are expected to yield information about processes in which cytokinins are limiting and that, therefore, they might regulate. We have engineered transgenic Arabidopsis plants that overexpress individually six different members of the cytokinin oxidase/dehydrogenase ( AtCKX ) gene family and have undertaken a detailed phenotypic analysis. Transgenic plants had increased cytokinin breakdown (30 to 45% of wild-type cytokinin content) and reduced expression of the cytokinin reporter gene ARR5 : GUS ( ␤ -glucuronidase). Cytokinin deficiency resulted in diminished activity of the vegetative and floral shoot apical meristems and leaf primordia, indicating an absolute requirement for the hormone. By contrast, cytokinins are negative regulators of root growth and lateral root formation. We show that the increased growth of the primary root is linked to an enhanced meristematic cell number, suggesting that cytokinins control the exit of cells from the root meristem. Different AtCKX-green fluorescent protein fusion proteins were localized to the vacuoles or the endoplasmic reticulum and possibly to the extracellular space, indicating that subcellular compartmentation plays an important role in cytokinin biology. Analyses of promoter: GUS fusion genes showed differential expression of AtCKX genes during plant development, the activity being confined predominantly to zones of active growth. Our results are consistent with the hypothesis that cytokinins have central, but opposite, regulatory functions in root and shoot meristems and indicate that a fine-tuned control of catabolism plays an important role in ensuring the proper regulation of cytokinin functions.
INTRODUCTION
Cytokinins are a class of plant hormones that play roles in many aspects of plant growth and development, including apical dominance, the formation and activity of shoot meristems, leaf senescence, nutrient mobilization, seed germination, and pathogen responses. They also appear to mediate a number of light-regulated processes, such as deetiolation and chloroplast differentiation (Mok, 1994) . Some cytokinin functions are executed primarily through the control of cell cycle activity. The most prevalent naturally occurring cytokinins are N 6 -substituted adenine derivatives with an unsaturated isoprenoid side chain (e.g., zeatin [Z] and isopentenyladenine [iP] ). Their homeostasis is regulated by the rate of de novo synthesis, the import rate, the formation and breakdown of cytokinin conjugates (which are mainly glycosides), and the rate of export and catabolism (Mok and Mok, 2001) .
Much of our knowledge about the biological activities of cytokinins is based on experiments that studied the consequences of the exogenous addition of cytokinin or the endogenous enhancement of cytokinin content (Smart et al., 1991; Faiss et al., 1997; Rupp et al., 1999) . Although these gain-offunction experiments have yielded significant information about processes that can be influenced by cytokinins, they might not always reflect true in vivo functions. It is possible that the additional cytokinins trigger processes that are not normally under cytokinin control. Plants with reduced cytokinin content are expected to be more informative, because the lack of cytokinin might cause a loss-of-function phenotype for physiological and developmental traits in which cytokinins are limiting. In the past, because of the lack of specific mutants and biochemical tools, it was not possible to analyze cytokinin-deficient plants (Faure and Howell, 1999) . Experimentally enhanced cytokinin catabolism in genetically engineered transgenic plants is a novel tool with which to study the consequences of cytokinin deficiency. Cytokinin oxidase/dehydrogenase (CKX; EC 1.5.99.12) catalyzes the irreversible degradation of cytokinins and in many plant species is responsible for the majority of metabolic cytokinin inactivation (Mok and Mok, 2001 ). The enzyme is a flavin adenine dinucleotide-containing oxidoreductase that selectively cleaves unsaturated N 6 side chains from Z, iP, and their corresponding ribosides (Armstrong, 1994; Jones and Schreiber, 1997) . The reaction products of iP catabolism are adenine and the unsaturated aldehyde 3-methyl-2-butenal (McGaw and Horgan, 1983) . By contrast, cytokinin nucleotides, O -glucosides, and cytokinins with saturated side chains are not CKX substrates (Armstrong, 1994) .
Genes that encode enzymes that catalyze cytokinin breakdown have been isolated from maize (Houba-Hérin et al., 1999; Morris et al., 1999) , Arabidopsis (Bilyeu et al., 2001; Werner et al., 2001) , and orchids (Yang et al., 2003) . The Arabidopsis AtCKX gene family has seven members ( AtCKX1 to AtCKX7 ) (for review, see Schmülling et al., 2003) . The predicted proteins are similar in size ( ‫ف‬ 60 kD) and have a conserved binding site for the cofactor flavin adenine dinucleotide and small highly conserved domains that may play roles in substrate recognition and electron transport. Individual N-terminal signal peptides indicate different subcellular localizations of the AtCKX proteins .
In a previous study, we showed that overexpression of AtCKX genes in transgenic tobacco plants reduces the endogenous cytokinin content and profoundly influences root and shoot development (Werner et al., 2001) . Here, we report the functional analysis of six gene family members in the model plant Arabidopsis. We show that all six predicted genes form functional products and that their individual overexpression in transgenic plants causes similar, although quantitatively different, cytokinin deficiency traits. We demonstrate that an important function of cytokinins is the control of cell proliferation in meristems, with opposite roles in root and shoot meristems. We show that individual members of the gene family differ in biochemical characteristics, subcellular compartmentation, and the regulation of their expression. These results indicate a pivotal role of cytokinin metabolism control in coordinating the multiple cytokinin functions in growth and development.
RESULTS

AtCKX Transgenic Arabidopsis Shows Enhanced Cytokinin Breakdown
To explore the consequences of decreased cytokinin content, we transformed Arabidopsis with individual AtCKX genes ( AtCKX1 to AtCKX6 ) under the control of the constitutive 35S promoter of Cauliflower mosaic virus . At least 10 independent transgenic lines that showed phenotypes similar to those described below were obtained for each construct. The phenotypic changes were qualitatively similar for all genes, but overexpression of AtCKX1 , AtCKX3 , and AtCKX5 resulted in stronger changes than overexpression of AtCKX2 , AtCKX4 , and AtCKX6 . Most quantitative phenotypic analyses were performed with homozygotic progeny of AtCKX1 (35S:AtCKX1-11 and 35S:AtCKX1-15), AtCKX2 (35S:AtCKX2-2 and 35S: AtCKX2-9), AtCKX3 (35S:AtCKX3-9 and 35S:AtCKX3-12), and AtCKX4 (35S:AtCKX4-37 and 35S:AtCKX4-41). All lines showed strong alterations typical of the two phenotypic classes. Detailed analyses were performed with plants overexpressing AtCKX1 and/or AtCKX2 as representatives of their respective classes. Fewer quantitative data are available for 35S : AtCKX5 and 35S : AtCKX6 transgenic plants. However, they all showed symptoms typical of cytokinin deficiency, indicating that all six analyzed genes encode functional products.
RNA gel blot analyses showed that 35S -driven gene expression enhanced the endogenous steady state mRNA level of each AtCKX gene ( Figure 1A ; data not shown for 35S : AtCKX5 and 35S : AtCKX6 transgenic lines). Callus derived from transgenic and wild-type root tissue was analyzed for the levels of CKX activity using 2-3 H-iP as a substrate. All transgenic lines showed a 3-to 10-fold increase in CKX activity compared with the wild type. The greatest increases were found in calli overexpressing AtCKX2 , AtCKX4 , and AtCKX6 genes, whereas AtCKX1 , AtCKX3 , and AtCKX5 overexpressers had only up to threefold the wild-type activity ( Figure 1B ). Similarly, a threefold to fivefold enhancement of CKX activity was found in leaves of AtCKX1 -overexpressing plants compared with wildtype plants (data not shown). The apparent K m (iP) values for AtCKX1, AtCKX2, and AtCKX4 enzymes extracted from transgenic callus tissue were between 0.3 and 1.3 M, whereas the apparent K m (iP) of AtCKX3 was significantly greater ( Figure 1C ). Interestingly, AtCKX1 showed a considerably lower maximum velocity than the other AtCKX proteins, indicating that the enzyme has a lower turnover capacity, at least with iP as a substrate.
Ectopic AtCKX Expression Decreases the Cytokinin Content and ARR5: ␤ -Glucuronidase Reporter Gene Expression
The endogenous cytokinin content was determined for two independent 35S : AtCKX1 and 35S : AtCKX2 transgenic clones. In shoots harvested 14 days after germination (DAG), most of the eight different cytokinin metabolites analyzed were reduced significantly compared with wild-type tissue (Figure 2 ). Z-derived metabolites are the predominant cytokinins of Arabidopsis, their concentration being approximately twofold greater than that of iP derivatives. The more abundant Z cytokinins were more strongly reduced (20 to 41% of wild type) than were iP cytokinins (44 to 58% of wild type). The total content of the measured iP and Z metabolites in individual transgenic clones ranged between 30 and 45% of wild-type concentrations. Interestingly, the overall changes in cytokinin content, as well as the metabolic spectra, were similar for both AtCKX1 and AtCKX2 overexpressers ( Figure 2C ), although there are apparent differences in the expressivity of phenotypic traits between these transgenic lines (see below). The concentration of dihydrozeatin-type cytokinins was either very low or below the detection limit in both wild-type and transgenic seedlings (data not shown).
The activity of hormone reporter genes reflects both hormone content and hormone sensitivity. ARR5 is a response regulator gene of the two-component system that is transcriptionally upregulated by cytokinin (D'Agostino et al., 2000) . To investigate whether the reduction in the endogenous cytokinin content was reflected by changes in the expression of a cytokinin response gene, we analyzed ARR5 : GUS ( ␤ -glucuronidase) expression in the transgenic background. ARR5 : GUS activity was reduced strongly during various developmental stages of 35S : AtCKX1 plants (Figure 3 ). The reduction was more severe in the shoot than in the root. At 2 DAG, ARR5:GUS activity was completely absent in the shoot apical meristem (SAM) of 35S : AtCKX1 transgenic plants, whereas in the root meristem, the signal was weaker but still detectable ( Figures 3B and 3D) . A similar but somewhat weaker reduction was observed at later stages of development (Figures 3E to 3H show plants at 9 DAG). The reporter gene assay confirms the results of the hormonal measurements and indicates that the reduction in cytokinin content was not, or not fully, compensated for by an increase in sensitivity, but that the plant reacted with a sustained reduction of the cytokinin response system. Moreover, the reduction in ARR5 : GUS expression suggests that altered or reduced signaling through the two-component system may be involved causally in the phenotypic changes in the transgenic plants.
Cytokinins frequently act in conjunction with other hormonal signals. Interactions between cytokinin and auxin have been described as occurring at multiple levels, including mutual regulation at the level of active hormone (Coenen and Lomax, 1997) . Cytokinin-overproducing tobacco plants have been shown to contain lower levels of free indole-3-acetic acid (IAA) and reduced rates of IAA synthesis and turnover (Eklöf et al., 1997 (Eklöf et al., , 2000 . It was suggested that cytokinins act as downregulators of IAA and vice versa. In contrast to this hypothesis, the levels of IAA were reduced significantly to 53 to 66% and 73 to 76% of the wild-type content in plants expressing 35S : AtCKX1 and 35S : AtCKX2 , respectively ( Figure 2D ). This finding does not necessarily indicate a direct regulation of auxin metabolism by cytokinins. For example, it is possible that the different tissue composition in transgenic plants leads to a lower proportion of auxin-producing tissue.
Shoot Development of 35S:AtCKX Transgenic Plants Is Retarded
Cytokinin deficiency caused pleiotropic developmental changes during all phases of the growth cycle. In shoots, a retardation of development was noticeable soon after germination (Figure 4) Table 1 ). In ‫ف‬ 30% of the seedlings of homozygotic strong expressers of 35S : AtCKX1 and 35S : AtCKX3 , shoot growth stopped completely at the two-to four-leaf stage (data not shown).
In tandem with these phenotypical alterations were distinct histological differences of AtCKX transgenic shoot tissues. The morphology of the vegetative SAM was examined in longitudinal sections of wild-type and 35S : AtCKX1 transgenic plants at 7 DAG (Figures 4E and 4F) . AtCKX1 overexpression resulted in a strong reduction of the diameter and height of the meristem, which was attributable mainly to fewer meristematic cells (11.1 Ϯ 0.8 cells across the epidermal layer of the 35S : AtCKX1 SAM versus 17.7 Ϯ 1.1 cells for the wild-type SAM; n ϭ 4) but also to the significantly decreased size of the meristematic cells (Figures 4E and 4F) . Unlike the quantitative parameters, the typical regular structure and organization of the SAM were not altered in 35S:AtCKX1 transgenic plants. (A) RNA gel blots (50 g of total RNA) of individual transformants were probed with gene-specific probes that covered the whole genomic sequences. Only clones with enhanced AtCKX transcripts showed a phenotype. A control hybridization was performed with 25S rRNA. WT, wild type. (B) Increase in CKX enzymatic activity in Arabidopsis callus overexpressing single AtCKX genes compared with wild-type callus. The specific activity of extracts of wild-type callus was 32.1 Ϯ 6.4 pmol adenine·mg Ϫ1 protein·h Ϫ1 . Error bars represent SE; n ϭ 3. (C) Apparent K m (iP) and maximum velocity (V max ) values of CKX extracts of Arabidopsis callus overexpressing single AtCKX genes.
In addition to the slower formation of primordia, leaf expansion was reduced strongly in transgenic plants ( Figure 5A ). Rosette leaves expanded more slowly than wild-type leaves until they reached their final size, and unlike wild-type leaves, the leaves of 35S:AtCKX1 and 35S:AtCKX3 transgenic plants continued to expand significantly after the transition to flowering. Figure 5B shows that at the end of the vegetative growth phase, the surface area of leaves from the main rosette was 8 to 12% of the wild-type area for 35S:AtCKX1 and 35S:AtCKX3 transgenic plants and 30 to 38% of the wild-type area for 35S:AtCKX2 and 35S:AtCKX4 transgenic plants. To examine whether the differences in leaf size were caused by a reduced cell number or by changes in cell expansion, we determined the cell density of wild-type and 35S:AtCKX1 transgenic leaves. The number of epidermal cells per square unit was counted on the abaxial surface of the seventh fully expanded rosette leaf, in the center between the midvein and the leaf margin. The cells of 35S:AtCKX1 leaves were slightly enlarged (cell density 82% of wild type), showing that the reduced leaf size was primarily the result of a decreased cell number. Leaves of 35S:AtCKX transgenic plants showed no earlier onset of senescence, either in intact plants or in detached leaves that were kept in the dark (data not shown).
Transverse sections through the central part of the fully developed seventh leaf showed that fewer cells were formed in the dorsoventral direction and that the extent of intercellular air spaces between blade mesophyll cells was greater than that in wild-type leaves ( Figures 5C and 5D ). In addition, a lower number of xylem and phloem cells resulted in a decrease in the diameter of vascular bundles in 35S:AtCKX1 transgenic plants ( Figures 5E and 5F ). A comparison of the vascular pattern, as visualized in whole-mount preparations of cleared leaves, showed that the leaf vasculature in 35S:AtCKX1 leaves was reduced greatly compared with that in wild-type leaves. The number and spatial density of veins of higher order (tertiary and quaternary veins and freely ending veinlets) was decreased ( Figures 5G and 5H) .
The reduced size of the SAM together with the retarded leaf formation and reduced cell production in the leaves provides evidence that cytokinins are required as a positive regulator of cell division activity in the Arabidopsis shoot. Seedlings for hormone analysis were grown on soil under long-day conditions. Aerial tissue was collected at the same developmental stage of the plant (i.e., when six leaves were formed). Wild-type and 35S:AtCKX2 plants reached the six-leaf stage at 13 DAG, and 35S:AtCKX1 transgenic plants reached the six-leaf stage at 15 DAG. Three independently pooled samples of ‫051ف‬ mg were analyzed for each clone. Error bars represent SE; n ϭ 3. CK, cytokinin; IAA, indole-3-acetic acid; iP, N 6 -(⌬ 2 isopentenyl)adenine; iPG, N 6 -(⌬ 2 isopentenyl)adenine glucoside; iPR, N 6 -(⌬ 2 isopentenyl)adenosine; iPRP, N 6 -(⌬ 2 isopentenyl)adenosine 5Ј-monophosphate; WT, wild type; Z, zeatin; Z9G, zeatin 9-glucoside; ZR, zeatin riboside; ZRP, zeatin riboside 5Ј-monophosphate.
The Reproductive Development of Cytokinin-Deficient Plants Is Altered
Under long-day conditions, the onset of flowering in 35S: AtCKX1 and 35S:AtCKX3 transgenic plants was delayed by up to 5 weeks compared with that in the wild type, but it was unaffected in AtCKX2 and AtCKX4 overexpressers (Table 1) . However, the developmental timing of the floral transition was affected minimally, or not at all, because both wild-type and transgenic plants initiated flowering after producing approximately the same number of rosette leaves ( This phenotypic trait may be the result of the decreased activity of the shoot apex, which leads to decreased auxin production. The axillary rosettes acquired the size of the main rosette, giving the plant a somewhat bushy appearance. The plants formed thin inflorescence stems that bent downward ( Figure  4D ). AtCKX1 and AtCKX3 transgenic plants formed very few flowers on each single inflorescence stem, indicating that the capability of apical inflorescence meristems to form new flower primordia was reduced ( Figure 6A ).
The structure, morphology, and size of the flowers were similar to those of the wild type ( Figure 6B) . We examined the cell size and cell number in the distal portion of the petal epidermis. These cells have been shown to be diploid and uniform in size and shape (Mizukami and Ma, 1992) . We found that fully mature petals of 35S:AtCKX1 had fewer cells per square unit than wild-type petals and that the cells were 80% larger than normal ( Figures 6C and 6D ). This finding suggests that fewer cells were produced per organ. However, the transgenic flowers reached the wild-type size, because the larger 35S:AtCKX1 cells compensated for the decrease in cell numbers. The fertility of flowers was diminished strongly. The first flowers did not form any pollen. Flowers formed later produced a small amount of pollen and were able to self-fertilize. Approximately 8 to 20 viable seeds were in the siliques of 35S:AtCKX1 and 35S:CKX3 transgenic plants, whereas wild-type siliques harbor up to 60 seeds. 35S:AtCKX1 and 35S:AtCKX3 siliques were not filled completely: seeds in one silique matured unequally, and some aborted during development ( Figure 6E ). Interestingly, the mature viable seeds of 35S:AtCKX1 and 35S:AtCKX3 transgenic clones were enlarged. Their weight was approximately two times the wild-type weight (Figures 6F and 6G) . A similar enlargement was observed for transgenic embryos, which was attributable to increases in both cell number and cell size (Figures 6H and 6I and data not shown). It is not clear whether this finding suggests a role for cytokinins during embryogenesis or whether other factors, such as the reduced seed set, are involved in producing the increased seed biomass. To summarize, the reproductive development of cytokinin-deficient plants indicates that cytokinins regulate meristem activity and also limit cell formation in developing organs during the reproductive phase of development.
Root Formation and Growth of 35S:AtCKX Transgenic Plants Are Enhanced
In contrast to the retarded shoot development, the root growth of 35S:AtCKX transgenic Arabidopsis plants was enhanced ( Figure 7A ). 35S:AtCKX1-and 35S:AtCKX3-expressing seedlings grown for 8 days under in vitro conditions had primary roots whose rates of elongation were 20 to 70% and 50 to 90% greater than that of wild-type seedlings, respectively ( Figure  7C ). The increase in primary root length for AtCKX2-and AtCKX4-overexpressing seedlings was less pronounced (i.e., 10 to 30% increase compared with that in the wild type). Additionally, the formation of lateral and adventitious roots was enhanced strongly ( Figures 7D and 7E ). The number of initiated lateral and adventitious roots in 35S:AtCKX1-and 35S: AtCKX3-expressing plants was up to seven times greater than that of the wild type. Moreover, the lateral root primordia in these transgenic clones often were initiated in much closer proximity than those in wild-type plants ( Figure 7B ). A significant increase of adventitious root formation, but not of lateral roots, was observed in 35S:AtCKX2 and 35S:AtCKX4 transgenic seedlings ( Figures 7D and 7E) . As a result, the length of the total root system increased up to three times in 35S: AtCKX1 and 35S:AtCKX3 transgenic plants and ‫4.1ف‬ times in plants expressing 35S:AtCKX2 or 35S:AtCKX4 ( Figure 7F ). These results suggest that cytokinins are involved in controlling both root growth rate and the generation of new root meristems.
Wild-type lateral root growth showed an acropetal developmental gradient. Longer lateral roots were positioned closer to the root-hypocotyl junction, leading to a cone-like structure of the root system. This developmental pattern was altered in 35S:AtCKX1-and 35S:AtCKX3-expressing plants, in which lateral roots of different lengths were distributed randomly (data not shown). This finding suggests that in the transgenic plants, the lateral root primordia were not initiated sequentially in the acropetal direction or that the growth rate of individual lateral roots differed from one to the other.
To address the question of whether the altered root growth was associated with changes in morphology and/or tissue pattern, we analyzed root sections of 35S:AtCKX1 transgenic plants and compared them with those of wild-type plants. Longitudinal sections revealed that the 35S:AtCKX1 primary root apical meristem (RAM) was enlarged in both the longitudinal and lateral directions and that the number of cells in the RAM was increased. However, the overall regular structure of the root meristem was maintained in 35S:AtCKX1 transgenic plants ( Figures 8A to 8D ). Transverse sections through the mature root revealed an increased number or size of cells in some cell files (Figures 8E and 8F) . Whereas the wild-type epidermis was composed of 19 to 21 cell files, the 35S:AtCKX1 transgenic root contained between 24 and 27 epidermal cell files. Similarly, the 35S:AtCKX1 root contained 10 to 13 endodermal files, unlike the wild-type endodermis, which was composed invariably of 8 cell files. By contrast, the number of cortex cells was identical in wild-type and transgenic roots. Because both cortex and endodermis cell files originate from the same initials, this finding suggests that the extra endodermal cell files were formed after the basic radial pattern was established. Indeed, extra divisions of endodermal cells were visible within the meristematic region of transgenic roots ( Figure 8D ), supporting the notion that additional cell files did not originate from an increased number of the corresponding initial cells. Moreover, an increased radial expansion of all cell types, including xylem and phloem cells, resulted in an increased root diameter in 35S: AtCKX1 plants. In contrast to the changes in the radial root organization, cell numbers and cell sizes were not altered in most outer tissues of the hypocotyl ( Figures 8G and 8H ). It is noteworthy that the lower number of vascular cells in 35S:AtCKX1 transgenic hypocotyls is reminiscent of the reduced vasculature in the shoot part. To investigate the mechanism by which decreased cytokinin content increases the root elongation rate, we examined the roots of 35S:AtCKX1 transgenic plants in detail. To examine the pattern of mitotic activity in the root meristems, we analyzed the activity of a CycB1:GUS fusion gene in the transgenic background. Owing to a mitotic degradation signal in the protein, reporter gene activity marks only actively dividing cells (Colón-Carmona et al., 1999) (Figures 9A and 9B) . At 4 DAG, the primary root length of 35S:AtCKX1 seedlings was 44% greater than that of the wild type ( Figure 9C ). The number of dividing meristematic cells, as visualized by CycB1:GUS expression, was increased from 33.4 Ϯ 8.6 in wild-type roots to 49.7 Ϯ 7.7 in 35S:AtCKX1 transgenic roots ( Figure 8C ). The length of the cell division zone, defined here by the most dis- tally stained mitotic cells, was increased from 174.4 Ϯ 8.6 m (n ϭ 16) in the wild type to 215.9 Ϯ 7.7 m in 35S:AtCKX1 (n ϭ 16). The volume of the RAM and the number of mitotic cells was estimated to be proportionally larger ( Figure 8C ). Thus, the number of dividing cells per RAM volume unit was not changed significantly in 35S:AtCKX1 plants. The length of mature cortical cells was increased slightly in 35S:AtCKX1 plants ( Figure  8C ). However, this increase was small compared with the increase in root elongation rate. Therefore, the enhanced root growth in 35S:AtCKX1 plants was attributed largely to the increased number of dividing cells in the RAM. This result suggests that cytokinins regulate the root growth rate by determining the number of dividing cells in the RAM by controlling the exit of cells from the RAM.
AtCKX Proteins Have Different Subcellular Localizations
The precise sites of cytokinin metabolism are unknown at the cellular and subcellular levels. It has been shown that specific spectra of cytokinin metabolites occur extracellularly as well as in subcellular compartments such as chloroplasts (Faiss et al., 1997; Benková et al., 1999) . Sequence analyses of AtCKX proteins predict different subcellular localizations (see below), and the analyses described above of AtCKX overexpressers indicated that the site of enhanced cytokinin degradation might be relevant to the expression of the cytokinin deficiency syndrome. To contribute to a better understanding of the subcellular compartmentation of cytokinin catabolism, we attempted to analyze the subcellular localizations of several AtCKX proteins.
Although different AtCKX proteins share low sequence identity in their N-terminal regions, hydropathy plots revealed a highly hydrophobic N-terminal domain as a common feature of all AtCKX proteins, suggesting the presence of N-terminal target sequences (data not shown). The only exception is AtCKX7, which was not analyzed in this work. For most of the AtCKX proteins (AtCKX2, AtCKX4, AtCKX5, and AtCKX6), the cellular localization programs TargetP (Emanuelsson et al., 2000) and iPSORT (Bannai et al., 2002 ) predicted a short N-terminal signal peptide for targeting to the endoplasmic reticulum (ER) and subsequent transport through the secretory pathway. The results for AtCKX4, AtCKX5, and AtCKX6 were classified as highly reliable, whereas the AtCKX2 signal peptide prediction belonged to the lowest reliability class (RC5). However, the AtCKX2 protein has been excreted in heterologous yeast expression systems (Bilyeu et al., 2001; Werner et al., 2001) .
TargetP predicted that both AtCKX1 and AtCKX3 proteins contain mitochondria-targeting peptides with RC2 and RC5, respectively. Consistently, iPSORT predicted AtCKX1 to be a mitochondrial protein, but AtCKX3 was classified as an excreted protein. Moreover, cleavage of the AtCKX3 N-terminal targeting signal as predicted by TargetP would partially delete the conserved flavin adenine dinucleotide cofactor binding site of AtCKX3, which makes the TargetP prediction unlikely. These partially ambiguous predictions and the fact that computer algorithms occasionally fail to predict subcellular localizations correctly (Emanuelsson and von Heijne, 2001; Schwacke et al., 2003) emphasized the need for in vivo targeting experiments.
We fused the green fluorescent protein (GFP) to the C termini of AtCKX1, AtCKX2, and AtCKX3 and expressed these fusion proteins under the control of the 35S promoter in stably transformed Arabidopsis plants. Transgenic lines expressing individual AtCKX-GFP fusion genes phenocopied the corresponding AtCKX overexpressing lines, indicating that the fusion proteins were functional. As controls, we used plants expressing either GFP alone or GFP with an N-terminal mitochondrial target sequence (␤-ATPase-GFP) (Logan and Leaver, 2000) . The GFP distribution was monitored in abaxial epidermal leaf cells and in root cells using confocal microscopy. In control plants expressing untargeted GFP, the fluorescence signal showed the typical distribution in nuclei, in cytoplasm displaced to the cell periphery by the large central vacuole, and in transvacuolar cytoplasmic strands in young leaf epidermal cells (Figures 10A and 10B) . The GFP protein targeted to mitochondria accumulated in discrete fluorescent particles distributed in the cytoplasm ( Figure 10C ). In comparison, optical sections through the center of cells revealed AtCKX2-GFP fluorescence to be distributed as a thin, more or less discontinuous line at the cell periphery and around nuclei ( Figure 10D ). In an optical section at the level of the cortex cytoplasm, the fluorescence appeared as a reticulate polygonal network often linked with punctuated structures (Figure 10E) . Based on published data, this distinct pattern can be identified as indicating localization to the ER (Boevink et al., 1996 (Boevink et al., , 1998 Batoko et al., 2000) . The ER localization of AtCKX2-GFP was supported further by the visualization of motile, spindle-shaped fluorescent bodies in the epidermis of petioles ( Figure 10F ). These structures were shown previously to reside within the lumen of the ER and are typically seen in Arabidopsis plants expressing both ER-retained and secreted forms of GFP (Hawes et al., 2001) . Considering that AtCKX2 does not contain a consensus H/KDEL ER-retrieval motif, it is conceivable that the protein was finally secreted. However, we have no experimental proof for this assumption, besides the accumulation of extracellular AtCKX2 enzymatic activity in yeast (Werner et al., 2001) .
In contrast to the AtCKX2-GFP staining pattern, epidermal leaf cells of plants expressing high levels of AtCKX3-GFP accumulated fluorescence in the large central vacuole ( Figure 10G ). The uniformly stained vacuole was surrounded at the periphery by small, highly fluorescent particles that may represent intermediate transport compartments. Additionally, the ER-like fluorescent network was observed in peripheral confocal sections ( Figure 10H ), indicating that AtCKX3-GFP entered the ER lumen and was directed subsequently from the default secretory pathway to the vacuole. The ER-associated fluorescence was detected in most of the leaf epidermal cells, but strong vacuolar staining was confined to only a small number of cells. This might be the result of the large volume of vacuoles requiring high levels of AtCKX3-GFP expression for visualization or of the fusion protein being rapidly turned over by vacuolar proteases. Vacuolar targeting of AtCKX3-GFP was confirmed in root tissue, in which fluorescence was localized to central vacuoles, ER, and small fluorescence particles in different cell types (Figures 10I and 10J) . Like AtCKX3-GFP, the AtCKX1-GFP fusion marked the ER network in leaf epidermal cells, but it was not detected in vacuoles. However, AtCKX1-GFP fluorescence was detected in vacuoles of mainly smaller root cells, such as those of the vascular cylinder ( Figure 10K ). This finding suggests that vacuolar targeting of AtCKX1-GFP might be specific to certain cell types, or, more likely, that the AtCKX1-GFP expression level was lower and thus stained only smaller vacuoles. Together, these data support the conclusion that the final destination of AtCKX1 and AtCKX3 is the vacuole.
Individual Members of the AtCKX Gene Family Are Expressed Differentially
To gain further information about the individual roles of the AtCKX genes during plant development, we studied their expression patterns using promoter:GUS fusion genes ( Figure  11 ). The AtCKX1 promoter drove gene expression in the shoot apex ( Figure 11A ), lateral shoot meristems, and growing tissues of young flowers ( Figure 11B ). In roots, AtCKX1:GUS expression was localized in close proximity to the vascular cylinder at the site of growing lateral roots ( Figure 11C ). GUS activity gradually increased with the increasing elongation of lateral roots. Weak AtCKX1:GUS expression was detected at the root-hypocotyl junction ( Figure 11D ). GUS activity disappeared in roots when the AtCKX1 promoter fragment was shortened to 1300 bp, indicating the presence of the regulatory cis element between positions Ϫ1300 and Ϫ1800 (data not shown). Expression of the AtCKX2 promoter was detected in the shoot apex ( Figure 11E ), in stipules ( Figure 11F ), and occasionally in the most apical part of inflorescence stems ( Figure 11G ). No GUS activity was observed in roots. Of the 30 analyzed T1 AtCKX3: GUS transformants, in which GUS expression was driven by a 1.46-kb promoter fragment, we occasionally detected very weak expression in the young shoot tissues ‫2ف‬ weeks after germination (data not shown).
High AtCKX4:GUS activity was localized to trichomes, which are polyploid (Figure 11H ). According to the basipetal developmental pattern of trichomes in the growing leaves (Hülskamp et al., 1994) , the strongest GUS activity was associated with developing trichomes in the basal part of expanding leaves, and it gradually decreased in maturing trichomes toward the distal end of the leaves ( Figure 11H) . A similar basipetal staining gradient was observed in developing stomata of young growing leaves. The greatest GUS activity was present in stomatal meristemoids and their clonally related cells (von Groll and Altmann, 2001 ) and ceased during the differentiation of guard cells ( Figure 11I ). Faint GUS staining was present in epidermal pavement cells. Very strong AtCKX4:GUS expression was detected in stipules, organs shown to consist of endoreduplicating cells (Jacqmard et al., 1999) (Figure 11H) . Hence, the activity of the AtCKX4 promoter is linked to the mitotic and endoreduplicating cells of the vegetative Arabidopsis shoot. In roots, AtCKX4:GUS was expressed highly and specifically in the root cap. It was first detectable in the very tip of the radicle after its emergence ( Figure 11J ). GUS activity extended progressively in the basal direction as the lateral root columella expanded. At this developmental stage, GUS activity was very high, being detectable after a few minutes of staining in the outermost layer of the root cap ( Figure 11K ). Even after staining for 15 h, the root meristem proper was not stained and the stained area remained restricted to the root cap ( Figure 11L ). A similar staining pattern was observed during lateral root development. The onset of gene expression occurred after the complete emergence of the root primordia ( Figure 11M ).
In the shoot, AtCKX5:GUS expression was confined to the edges at the most basal part of the youngest leaves, specifically marking the developing leaf petiole (Figures 11N and  11O ). Furthermore, it was detected in the rib zone of the axillary shoot meristems (Figures 11P and 11Q ). This expression was associated with the growing axillary shoots rather than with the dormant buds, because the GUS activity was first detected soon after bolting. The number of stained axillary meristems increased when apical dominance was reduced by removing the main apex (data not shown). During flower development, AtCKX5:GUS expression was detected in young developing stamen primordia ( Figure 11R ) and later became confined to the central part of growing anthers ( Figure 11S ). Before and during pollination, expression was restricted to the maturing pollen grains ( Figure 11T ). In the primary root, the AtCKX5 promoter was active in the vascular cylinder within the RAM (Figure 11U) . From the center of the meristem, including the initial cells proximal to the quiescent center, GUS activity decreased gradually approaching the elongation zone, and it was only faintly detectable in the differentiated root. In lateral roots, expression followed the same pattern. GUS activity was detectable in the center of lateral root primordia from developmental stage V onward (Malamy and Benfey, 1997) (Figure 11V) .
AtCKX6:GUS expression was localized primarily to the vascular system of developing cotyledons, leaves, and roots. GUS activity was strongest in the vasculature of young growing leaves. It gradually decreased basipetally in older leaves and was undetectable in fully expanded leaves ( Figures 11W and  11X ). Likewise, expression was detected only in the vascular bundles in the most apical portion of the growing stem. In addition, the AtCKX6 promoter was active during the maturation phase of stomatal guard cells but not in fully mature stomata in older leaves ( Figure 11Y ), suggesting that AtCKX6 expression plays a role in stomatal development rather than in stomatal function. In the root vasculature, GUS activity was detectable soon after germination, with localized maxima forming around the lateral root primordia ( Figure 11Z ). Later in development, the expression expanded equally throughout the whole root vascular cylinder but did not reach the RAM. In flowers, AtCKX6:GUS expression was confined to the vascular bundles and transmitting tissue of developing gynoeciae ( Figure 11ZA ). When the ovules developed, GUS activity became visible in funiculi ( Figure 11ZB ).
DISCUSSION
We undertook a detailed analysis of the AtCKX gene family of Arabidopsis and have shown functionality for six of the seven gene family members. One important aim of this investigation was to explore the consequences of reduced cytokinin content on the development of Arabidopsis plants. This study revealed that cytokinins play crucial and opposite roles in shoots and roots.
Cytokinin Is a Positive Regulator of Shoot Meristem Activity
Soon after the discovery of cytokinins, work by Skoog and Miller (1957) showed that the hormone is able to induce the formation of shoots in unorganized growing callus tissue. However, it was unknown to what extent cytokinins are required during further development of the shoot, in particular in the shoot apex. A crucial function for cytokinins in cell proliferation in the SAM clearly is indicated by the fact that the SAM of cytokinin-deficient plants contains significantly fewer cells than that of wild-type plants and even stops its activity completely in strong AtCKX expressers. As a consequence of the decreased activity of the SAM, we observed slower leaf and flower primordia formation in 35S:AtCKX1 and 35S:AtCKX3 transgenic plants. A role for cytokinins in the SAM also was indicated by the expression of AtCKX1 and AtCKX2, which are members of the two different AtCKX classes, in the shoot apex ( Figures 11A  and 11E) . A possibly mutual interaction of cytokinins and homeobox genes of the SAM has been reported (Sinha et al., 1993; Ori et al., 1999; Rupp et al., 1999; Frugis et al., 2001) . These could present elements of a regulatory pathway that quantitatively control meristem activity. The reduced size of the SAM of cytokinin-deficient plants suggests that cytokinins not only control the cell proliferation rate but also are involved in regulating the transition from undifferentiated stem cells to differentiated primordia. If cytokinins do have a role in the establishment of specific local developmental fields, which determine the developmental fate of cells, a function of CKX could be to participate in the maintenance of such fields. In this context, it will be interesting to determine the consequences of cytokinin deficiency on meristem size in the background of known mutants affected in the meristematic transition of cell differentiation, such as clv (Clark et al., 1996) , amp1 (Nogué et al., 2000) , and mgo (Laufs et al., 1998) .
Cytokinin Controls the Frequency of Leaf Initiation and Leaf Growth
During leaf formation, a phase of cell division is followed by cell expansion and functional differentiation. The maintenance of the meristematic competence of leaf cells defines the total cell number and therefore the size of the organs. The ability of individual cells to undergo the cell cycle, maintain the competence to proliferate, cease the cell cycle activity, and expand and differentiate depends on various external and endogenous signals and developmental cues. In our study, overexpression of different AtCKX genes led to a significant reduction of the leaf area, caused primarily by decreased cell division during leaf development, which was compensated for only partially by increased cell size. Apparently, cytokinin deficiency reduces the cell division rate and/or causes an earlier termination of leaf cell differentiation. A similar leaf phenotype has been described for Arabidopsis plants overproducing the cyclin-dependent kinase inhibitor KRP2. In these plants, cell cycle progression was limited and the uncoupling of cell growth from cell division resulted in an increase of the final cell size (De Veylder et al., 2001) . By contrast, constitutive overexpression of the D-type cyclin CYCD3 (Dewitte et al., 2003) and the cell cycle-regulating transcription factors E2Fa and DPa (De Veylder et al., 2002) was shown to cause the hyperproliferation of smaller and incompletely differentiated leaf cells. These comparisons indicate that the altered leaf phenotype of AtCKX transgenic plants could be achieved through the regulation of cell cycle genes. In accordance with such a function, the expression of several AtCKX genes was associated, in leaves, with dividing cells (Figure 11) . Another factor controlling cell proliferation during leaf organogenesis is AINTEGUMENTA (ANT), an APETALA2-like transcription factor (Mizukami and Fischer, 2000) . Loss-and gain-of-function analyses revealed that its regulatory function is in the control of plant organ cell number and organ size. Thus, the observed reduced cell division in AtCKX plants could involve ANT.
What could be the cause of the premature arrest of leaf cell division? Based on experimental data from Drosophila, Day and Lawrence (2000) suggested a model in which individual cells monitor a concentration gradient of morphogen established along the axis of the organ. According to this model, cells grow and divide as long as the morphogen gradient is sufficiently steep. In plants, Ljung et al. (2001) showed that the IAA concentration in developing tobacco leaves exhibits a clear basipetal gradient, which is correlated with the spatial distribution of cell mitotic activity. Based on the observed reduction of cell division in cytokinin-deficient plants, it is tempting to speculate that a similar gradient of cytokinin could coordinate and limit cell proliferation during leaf growth.
Cytokinin-Deficient Leaves Do Not Exhibit an Earlier Onset of Senescence
Cytokinin has been reported to delay leaf senescence (Gan and Amasino, 1995) , and it was hypothesized that decreasing the cytokinin concentration below a certain threshold level could trigger the onset of leaf senescence. In contrast to this expectation, leaf greening was not compromised in AtCKX transgenic leaves, and leaf senescence, determined visually, did not occur earlier than in the wild type. By contrast, leaves stayed green even longer in 35S:AtCKX transgenic plants, and detached leaves did not senesce more rapidly. This finding argues against the hypothesis that cytokinins act as triggers of leaf senescence if their concentration is decreased beyond a thresh-old level. As a note of caution, altered sink-source relations in the transgenic plants might interfere with the normal mechanism of senescence.
Cytokinin Deficiency Alters Vascular Development
Cytokinins are thought to be essential to support the continuous division of vascular cambium cells, which provides precursor cells for xylem and phloem (Aloni, 1995) . Cytokinins stimulate early stages of vascular differentiation. At optimal concentrations in the presence of auxin, cytokinins favor phloem formation (Aloni, 1995) . In shoots of cytokinin-deficient plants, the number of both xylem and phloem cells was reduced, indicating that the changes are the result of an overall reduction of cambial activity without affecting cell differentiation specifically. This finding supports a role for cytokinins in cambial cell division and argues against a role in xylem or phloem cell specification. Moreover, as with the apical meristems of shoots and roots, the cambial activity responds to cytokinin deficiency in an organ-specific manner. In roots, both xylem and phloem cells were slightly more abundant in cytokinin-deficient plants than in control plants.
A Role for Cytokinins during Reproductive Development
The promoter activity of AtCKX genes in various parts of the developing flowers and developmental changes shown by cytokinin-deficient plants (reduced number of flowers and increased size of embryos) indicate a role for the hormone during reproductive development. Enlarged embryos suggest that cytokinins may play a role in controlling the cell division rate in maturing embryos. Similarly, a specific role for cytokinins in controlling cell divisions during the establishment of the embryonic vasculature was demonstrated recently in a mutant of the cytokinin receptor CRE1/WOL/AHK4 (Mähönen et al., 2000) . Early consequences of cytokinin deficiency might have been missed in the AtCKX-overexpressing plants, because the 35S promoter driving AtCKX expression becomes active late during embryogenesis (Custers et al., 1999) . More indirect reasons for embryo enlargement, such as differences in nutrient mobilization, cannot be excluded at present.
Of particular interest is the expression of AtCKX6 in the funiculi ( Figure 11ZB ). The funiculus is the feeding tract for the growing embryo. A role for CKX in this tissue could be the control of sink strength. This control could be exerted locally through the regulation of invertase and hexose transporters, which are important during assimilate import and have been shown to be regulated by cytokinins (Ehness and Roitsch, 1997) . Alternatively, cytokinin import into embryonic sink tissue might be controlled in the funiculus, thus controlling sink strength in a more indirect manner.
A Role for CKX Enzymes in the Cell Cycle?
Another important function of CKX proteins could be the degradation of cell cycle-derived cytokinins. The level of cytokinins increases dramatically and transiently during short periods of the cell cycle (Redig et al., 1996b) . It is not known how the rapid readjustment of the original level is achieved, but CKX proteins certainly are relevant. In cell division zones, CKX may simply be relevant for the retrieval of the purine moiety of the hormone or serve as a protectant from cytokinins derived from neighboring cells, thus preserving the cytokinin autonomy of each single cell. The latter view implies that, during cell division, each cell makes its own cytokinin for its own exclusive use. Furthermore, CKX may degrade cytokinins to reset the cytokinin-sensing system to a basal level. The expression of AtCKX genes in zones of active cell division is in agreement with the proposed functions.
Cytokinins Are a Negative Regulator of Root Meristem Activity
In contrast to its promotional role in shoot organs, the root phenotype of cytokinin-deficient plants indicates that cytokinins have a negative regulatory function in root growth. Transgenic plants displayed an overall enhanced root system as a result of the more rapid elongation of primary and lateral roots and because of the increased formation of lateral and adventitious roots. We found that the enhanced growth of primary roots correlated with an increased number of dividing cells in the root meristem. The density of dividing cells was comparable to that of the wild type, suggesting that the cell division rate was not altered. We conclude that cytokinins regulate the number of divisions that cells undergo before they leave the meristem and thus are involved in the control of the exit from the proliferative state at the basal border of the meristem. This conclusion is in good agreement with the work of Beemster and Baskin (2000) , who showed that exogenous cytokinin inhibits the elongation of wild-type roots primarily by reducing the number of dividing cells and the size of the meristem rather than by reducing the cell division rate.
What could be the molecular link between cytokinin and root meristem activity? One of the possible components of the downstream signaling pathway that controls meristem activity is STUNTED PLANT1 (STP1) (Baskin et al., 1995) . As a result of slower cell production, stp1 mutant roots had a slower elongation rate and, more specifically, a reduced response toward cytokinin. This finding indicates that STP1 is required to mediate the cytokinin effect upon root expansion. Additionally, cytokinin-treated wild-type roots phenocopied the stp1 mutation (Beemster and Baskin, 2000) . It was hypothesized that STP1 is an elongation-promoting factor that is downregulated by cytokinins. In this model, the reduced cytokinin content in AtCKXexpressing plants would lead to more STP1 protein, which in turn would allow for faster root elongation. Another possible regulatory target for cytokinins is CycB1, whose overexpression causes increased root elongation (Doerner et al., 1996) .
Cytokinins Are a Regulatory Factor in Root Branching
Lateral root formation is initiated in the root differentiation zone by anticlinal divisions in pericycle cells adjacent to the protoxylem poles (Malamy and Benfey, 1997; Casimiro et al., 2001) . A subsequent series of highly ordered transverse cell divisions leads to the emergence of the newly formed lateral root (Malamy and Benfey, 1997) . Numerous studies have shown that auxin, and in particular its polar transport, is necessary for the initiation and the later development of lateral roots (Ruegger et al., 1997; Reed et al., 1998; Casimiro et al., 2001) . The initiation phase of lateral root development is dependent on basipetal polar auxin transport and can be blocked by the auxin transport inhibitor N-1-naphthylphthalamic acid (Casimiro et al., 2001 ). Subsequently, shoot-derived auxin plays a role early in lateral root emergence (Casimiro et al., 2001; Bhalerao et al., 2002) . Consistently, the stm1 mutant, which lacks the auxin source in the shoot, is able to initiate a number of lateral root primordia similar to those of the wild-type plant, which elongate more slowly and irregularly (Casimiro et al., 2001) . Given that AtCKX transgenic plants have less auxin-producing shoot tissue than wild-type plants and have a lower auxin content, it is surprising that they initiated more lateral root primordia that elongated faster than those in the wild type. This finding suggests that cytokinin functions as an auxin antagonist during lateral root formation and must be considered an important regulatory factor in primordia initiation.
Differential Subcellular Targeting of AtCKX Proteins
We analyzed the in planta subcellular targeting of three AtCKX-GFP fusion proteins. Surprisingly, AtCKX1-GFP and AtCKX3-GFP were targeted to the plant vacuoles, although computer algorithms predicted mitochondrial localization. The enzymatic activity of AtCKX1, but not of AtCKX2, was significantly greater under acidic conditions in vitro, which is in agreement with a vacuolar localization for the former (P. Galuszka and T. Werner, unpublished data). Vacuolar soluble proteins require a sorting signal to be separated from the proteins destined for secretion. In plants, three classes of vacuolar sorting determinants have been identified (reviewed by Matsuoka and Neuhaus, 1999) . Sequence-specific signals in the N-terminal propeptides containing the conserved consensus sequence NPIR or NPIXL target proteins to lytic vacuoles. The second group contains C-terminal signals with no obvious consensus sequence. They are found in proteins destined for protein storage vacuoles. The third type was defined as an integral structural domain within the mature protein. None of these motifs was found in AtCKX proteins, with the exception of NPSDIR starting at position 51 of AtCKX1, which closely resembles the consensual NPIR targeting signal. Overexpression of AtCKX1 and AtCKX3 caused a stronger cytokinin deficiency syndrome than did the overexpression of proteins with a predicted extracellular localization. It is possible that vacuolar localization creates a stronger intracellular sink for cytokinins or that a more relevant fraction of the hormone is degraded. In any case, the results indicate an important role for subcellular compartmentation in cytokinin function.
Fluorescence accumulated in AtCKX2-GFP transgenic plants primarily in the reticulate structures typical of the ER. This finding, and the fact that AtCKX2 does not contain an ER retention motif, is in agreement with the assumption that AtCKX2 is an extracellular protein. This was indicated previously by its excretion from yeast cells (Werner et al., 2001) . Our inability to detect the GFP signal in the apoplast could be explained by the weak fluorescence of secreted GFP (Batoko et al., 2000) . Interestingly, an increase in the extracellular CKX fraction was triggered in tobacco cell cultures by cytokinin and was correlated with enhanced CKX glycosylation (Motyka et al., 2003) . Based on the facts that AtCKX proteins contain consensus N-glycosylation sites and that protein glycosylation occurs during transport through the secretory pathway, we hypothesize that ER-located AtCKX enzymes are released to the apoplast and that the release is at least partly dependent on a triggering signal, which could be cytokinin. However, additional experiments are required to prove an extracellular localization and to demonstrate a regulatory function of AtCKX protein glycosylation in subcellular targeting and/or activity. It was shown recently that the activity of another cytokinin-metabolizing enzyme, zeatin O-xylosyltransferase, is regulated by auxindependent post-translational processing (Martin et al., 1997) . Post-translational modification of enzymes may be a common but largely unexplored aspect of hormone metabolism.
Conclusions
We have demonstrated that cytokinin degradation is regulated in Arabidopsis by members of a small gene family. Distinct, almost nonoverlapping expression domains of the AtCKX gene members and different subcellular localizations suggest that specific developmental and physiological functions are fulfilled by each gene and that the tissue-specific regulation of the endogenous cytokinin content is an important prerequisite in the regulation of cytokinin functions in planta. The results of this study and similar phenotypic alterations described for cytokinin-deficient tobacco plants (Werner et al., 2001) suggest that conclusions drawn about the role of cytokinins in the control of root and shoot growth may be generalized.
METHODS
Generation of AtCKX-Overexpressing Plants and Transgenic Plants Harboring AtCKX Promoter:GUS Fusions
Binary plasmids harboring the AtCKX1, AtCKX2, AtCKX3, and AtCKX4 genes under the control of a 35S promoter have been described (Werner et al., 2001) . Numbering of AtCKX genes was according to their appearance in the database, as described by Schmülling et al. (2003) . The genomic sequences of the AtCKX5 (MIPS gene code At1g75450; http:// mips.gsf.de/proj/thal/) and AtCKX6 (At3g63440) genes were amplified from DNA of Arabidopsis thaliana Columbia (Col-0) using the following primers: 5Ј-ggggtaccTTGATGAATCGTGAAATGAC-3Ј (forward) and 5Ј-ggggtaccCTTTCCTCTTGGTTTTGTCCTGT-3Ј (reverse) for AtCKX5 and 5Ј-cccgggTCAGGAAAAGAACCATGCTTATAG-3Ј (forward) and 5Ј-cccgggTCATGAGTATGAGACTGCCTTTTG-3Ј (reverse) for AtCKX6 (nonhomologous sequences used for cloning are shown in lowercase letters). The resulting gene fragments were cloned into pBINHygTx downstream of the 35S promoter of Cauliflower mosaic virus (Gatz et al., 1992) .
To obtain promoter:GUS fusion genes, the promoter sequences of the AtCKX1, AtCKX2, AtCKX3, AtCKX4, AtCKX5, and AtCKX6 genes were amplified by PCR from DNA of Arabidopsis Col-0. Primers were as follows: AtCKX1 promoter, 5Ј-gctctagaAAATGCTCTGTTATCAATGTGTC-3Ј (forward) and 5Ј-gctcccgggCTACTTTGTTGAGAGAAATTGCA-3Ј (reverse); AtCKX2 promoter, 5Ј-gcgtcgacCATTCCTCAACCAATATCT-GCAAC-3Ј (forward) and 5Ј-gctctagaTATGTTTCTCTCTCTCTCTGATTTG-3Ј (reverse); AtCKX3 promoter, 5Ј-gcgtcgacCAAAGTTTGGCCTACGATTGTT-3Ј (forward) and 5Ј-gctctagaGCTTGATTCTTATCAATGAAGAGTAG-3Ј (reverse); AtCKX4 promoter, 5Ј-cccaagcttCGGTTATTTTATGGGCCAGTT-3Ј (forward) and 5Ј-cccaagcttAACAAACGGGTAGGTTAATGG-3Ј (reverse); AtCKX5 promoter, 5Ј-aagcttATCGACAAAGAGCAAATTATGAA-3Ј (forward) and 5Ј-tctagaGAAACAAGAATCAAGATTGAGGA-3Ј (reverse); and AtCKX6 promoter, 5Ј-aagcttCTTCAAGTGGACCGTTTATCTCT-3Ј (forward) and 5Ј-cccgggATAAGGCCTCTTGATTTCTGAGA-3Ј (reverse). The lengths of the amplified sequences were 1867 bp (AtCKX1), 1603 bp (AtCKX2), 1452 bp (AtCKX3), 1926 bp (AtCKX4), 1817 bp (AtCKX5), and 1828 bp (AtCKX6). All promoter sequences were inserted into vector pGPTV-BAR (Becker et al., 1992) upstream of the GUS reading frame. Dideoxy sequencing of the amplified DNA fragments was performed with an ABI PRISM BigDye Terminator cycle sequencing reaction kit (Perkin-Elmer Applied Biosystems Division) to exclude PCR and cloning errors.
Generation of AtCKX1-GFP, AtCKX2-GFP, and AtCKX3-GFP Translational Fusion Genes
Soluble modified GFP (smGFP) was amplified with primers 5Ј-ggggtacccgggtctagactagtctcgagtATGAGTAAAGGAGAAGAACTTTTCACT-GGA-3Ј (forward) and 5Ј-gcgtcgacttaagagctcgggcccTTATTTGTATAG-TTCATCCATGCCATGT-3Ј (reverse) from pSMGFP (Davis and Vierstra, 1998) , creating KpnI, SmaI, XbaI, SpeI, and XhoI linker sequences at the 5Ј end and ApaI, SacI, and SalI linker sequences at the 3Ј end. The amplified fragment was inserted downstream of the 35S promoter in the unique KpnI and SalI of pBINHygTx (Gatz et al., 1992) , yielding the vector pBinSMGFP. To generate the p35S:AtCKX1-GFP reporter plasmid, the AtCKX1 stop codon was mutated in the initial pUC19-AtCKX1 construct by exchanging a 41-nucleotide KpnI fragment at the 3Ј end. The mutated full-length AtCKX1 genomic fragment was fused via the XhoI site to the N-terminal end of the GFP coding region in the vector pBin-SMGFP. A C-terminally truncated, 2386-bp genomic fragment of the AtCKX2 gene was subcloned from vector pUC19-AtCKX2 and added to vector pBinSMGFP as an N-terminal fusion to GFP via the KpnI and SmaI sites, generating the plasmid p35S:AtCKX2-GFP. A XhoI site 6 bp upstream of the AtCKX3 stop codon was used to excise a KpnI-XhoI AtCKX3 genomic fragment from plasmid pBS-AtCKX3 and to generate an N-terminal fusion with GFP in the plasmid pBinSMGFP, yielding the vector p35S:AtCKX3-GFP. Seeds of Arabidopsis plants expressing the mitochondrially localized ␤-ATPase-GFP fusion protein were a kind gift of D.C. Logan (University of St. Andrews, St. Andrews, UK).
The protein sequence analyses were performed using TargetP version 1.0 (http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et al., 2000) and iPSORT (http://www.hypothesiscreator.net/iPSORT/) (Bannai et al., 2002) .
Plant Transformation and Culture Conditions
Arabidopsis Col-0 plants were transformed according to the flower-dip method (Bechtold et al., 1993) . Transgenic AtCKX-containing progeny were selected after surface sterilization of seeds on MS medium (Murashige and Skoog, 1962) containing 15 mg/L hygromycin. Arabidopsis plants containing promoter:GUS fusions were selected on soil, 5 days after sowing, by spraying once with 0.1% BASTA. Plants were cultured in vitro on MS medium under 16-h-light/8-h-dark cycles at 20ЊC. Growth conditions in a glasshouse were 24 to 20ЊC and 16-h-light/8-hdark cycles. All phenotypic characterizations were performed with homozygous progeny obtained by self-fertilizing. Callus material for CKX enzymatic measurements was induced from root explants and maintained on MS medium containing 1 mg/L naphthylacetic acid and 1 mg/L kinetin. Transgenic plants that were used as a source for callus material looked similar to the transformants shown in Figures 4C and 7A .
RNA Analysis
Total RNA was extracted from leaf tissue according to Verwoerd et al. (1989) . RNA gel blot analysis with 50 g of total RNA from transgenic plants (T1) was performed essentially as described (Faiss et al., 1997) . The lowest stringency wash after hybridization with gene-specific probes covering the full gene length was performed in 0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl and 0.015 M sodium citrate) and 0.1% SDS at 60ЊC. The filters were rehybridized to a 25S rDNA-specific probe as a loading control.
Hormone Analyses
Frozen plant samples were ground in liquid nitrogen, transferred into Bieleski solution (Bieleski, 1964) , and extracted overnight at Ϫ20ЊC. For IAA analysis, 50 pmol of 13 C 6 -IAA (phenyl-13 C 6 -indole-3-acetic acid; Cambridge Isotope Laboratories, Andover, MA) was added to the sample before centrifugation (20,000 rpm for 15 min at 4ЊC). For each cytokinin compound determined, 10 pmol of 2 H 5 -dihydrozeatin, 2 H 5 -dihydrozeatin riboside, 2 H 5 -dihydrozeatin 9-glucoside, 2 H 5 -dihydrozeatin riboside 9-glucoside, 2 H 6 -N 6 -(⌬ 2 isopentenyl)adenine, 2 H 6 -N 6 -(⌬ 2 isopentenyl)adenosine, 2 H 6 -N 6 -(⌬ 2 isopentenyl)adenine glucoside, and 2 H 6 -N 6 -(⌬ 2 isopentenyl)adenosine 5Ј-monophosphate (APEX International, Honiton, Devon, UK) was added. The pellet was resuspended for 1 h at 4ЊC in 80% methanol and centrifuged once more. The supernatants of both fractions were pooled and dried. After dissolving in water, cytokinins were purified by a combination of solid-phase and immunoaffinity chromatography as described by Redig et al. (1996a) . After the immunoaffinity treatment, IAA was concentrated on a C18 cartridge and methylated before analyses (Prinsen et al., 2000) . Hormones were quantified by micro-liquid chromatography-positive electrospray-tandem mass spectrometry in multiple reactant monitoring mode (Prinsen et al., 1998) . The chromatograms obtained were processed by means of Masslynx software (Micromass, Manchester, UK). Concentrations were calculated according to the principles of isotope dilution and expressed in picomoles per gram fresh weight.
CKX Measurement
The assay of CKX activity was based on the conversion of 2-3 H-iP to adenine as described elsewhere (Motyka et al., 1996) . The reaction mixture contained 100 mM 3-{[2-hydroxy-1,1-bis(hydroxymethyl)ethyl]amino}-1-propanesulfonic acid-NaOH buffer, pH 8.5, 2 M 2-3 H-iP (7.4 Bq/mol), and enzyme preparations equivalent to 2.5 to 500 mg of fresh tissue in a total volume of 50 L. After incubation at 37ЊC, the reaction was stopped by the addition of 120 L of 0.75 mM adenine and iP in 95% (v/v) cold ethanol and 10 L of 200 mM Na 4 EDTA. Precipitated protein was removed by centrifugation, and adenine and iP were separated by thin layer chromatography on microcrystalline cellulose plates (Aldrich) developed with the upper phase of a 4:1:2 (v/v/v) mixture of ethyl acetate: n-propanol:water. The radioactivity of adenine-and iP-containing zones was determined by liquid scintillation using the Packard TRI-CARB 2500 TR scintillation counter. The apparent K m (iP) and maximum velocity values of CKX preparations were determined in the same assay mixture described above with 2-3 H-iP as the substrate used in the concentration range of 0.3 to 10 M. The apparent K m (iP) and maximum velocity values were calculated on the basis of a Lineweaver-Burk double reciprocal plot of CKX activity as a function of iP concentration.
GUS Staining and Light Microscopy
Histochemical analysis of the GUS reporter enzyme was performed essentially according to Jefferson et al. (1987) as modified by Hemerly et al. (1993) . Sample tissues were fixed in 90% ice-cold acetone for 1 h and incubated for 1 to 12 h in reaction buffer. After staining, seedlings were cleared and mounted according to Malamy and Benfey (1997) . Endogenous pigments were destained with 70% ethanol, and the GUS staining pattern was recorded with a stereomicroscope (SZX12; Olympus, Tokyo, Japan) or a microscope (Axioskop 2 plus; Zeiss, Jena, Germany) equipped with an Olympus C-4040ZOOM photographic device. For sectioning, plant tissue was fixed and embedded in LR White (Plano, Wetzlar, Germany) according to Schoof et al. (2000) , and 2.5-m thin sections were stained with 0.1% toluidine blue. Tissue for the observation of vasculature was cleared and visualized as described by Mattsson et al. (1999) .
Analysis of the Cellular Localization of GFP-Fused Proteins
Transgenic plants expressing individual GFP fusion constructs were selected according to their phenotype and preanalyzed using an epifluorescence microscope before the confocal imaging. Primary leaves or roots were cut and mounted in water for microscopic observation. The subcellular localization of GFP fusion proteins was analyzed with a Zeiss cLSM 510 confocal laser scanning microscope using a C-Apochromat 63x/1.2 W Korr water immersion objective and a 488-nm argon laser in combination with a 505-to 530-nm bandpass filter set. Image acquisition and processing were performed using a Zeiss laser scanning microscope (LSM 510, version 3.0), SP3 software, and Adobe Photoshop 5.0 (Adobe Systems, Mountain View, CA).
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